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Description 
Synthetic Rectifiers 

Cross Reference to Related Applications 

[0001] This application is a continuation in part application of a 
provisional patent applications entitled "Super Rectifiers", 
serial number 60/432,509, filed on 10 December, 2002, 
and a provisional patent applications entitled "Super Rec- 
tifiers", serial number 60/441,953, filed on 21 January, 
2003. 

Background of Invention 

[0002] This application relates to integrated circuits, and more 
particularly to a MOSFETwith an integrated controller 
driver circuit to function as a rectifier. 

[0003] when using the terms "integrated" or "integrated circuit", 
it is to be understood that an integrated circuit is the pre- 
ferred method of construction, but the teachings of this 
invention would be equally applicable to a circuit made 
partly of integrated circuits or entirely of discrete compo- 
nents. 



[0004] united States Patent number 6,271,712, Alan Ball, issued 
Aug 7, 2001 and entitled "Synchronous Rectifier and 
Method of Operation" shows an integrated synchronous 
rectifier intended for the same applications as the syn- 
thetic rectifier of this invention. In distinction to the 
present invention, Ball switches reactively after sensing 
zero crossing of the current or the voltage, and does not 
have or suggest any predictive mechanism. 

[0005] B a || teaches a method of controlling voltage to power a 

synchronous rectifier controller that could be useful in the 
present invention. However, it is a variant of a boot strap 
power supply circuit which is well known. Two of the five 
independent claims recite a "polarity detection circuit" to 
operate the synchronous rectifier MOSFET, the other three 
independent claims relate to the power supply circuit por- 
tion. 

[0006] Problems with prior art synchronous rectifier controllers: 

[0007] i There is no signal available that reliably predicts when a 

MOSFET rectifier should change state. 
[0008] 2. There is no way to reliably predict when switching 

should be initiated to achieve a specific turn-off time. 
[0009] 3, Those signals that are available may involve complex 

interfaces. 



[0010] To elaborate, turn-on and turn-off is usually initiated by 
sensing that a voltage has changed, somewhere. This may 
be through an isolation barrier from a primary controller, 
a complex interface. It may be a signal from a buck con- 
troller. It may be the voltage reversal on a transformer 
winding. In all cases, the time to ideal switching is depen- 
dant upon the load current and other factors. It would 
take a very complex algorithm to know the precise mo- 
ment that state switching should occur. Even if the precise 
ideal switching time could be determined, the time that it 
takes to accomplish turn-on or turn-off is not well con- 
trolled. 

[001 1] p r j or Art Predictive gate drive :A signal to switch the MOS- 
FET is derived from a controller section and inserts a digi- 
tally derived time delay to correct for the time that it takes 
the current or voltage to settle down as well as the propa- 
gation time delay in the circuits in a trial and error detec- 
tion scheme. The results from one interation are modified 
and saved from cycle to cycle in an algorithm that corrects 
for the cumulative time delays so that the MOSFET turns 
on or off at nearly the optimum time. This is a complex 
circuit and it does not respond rapidly to changes in the 
load conditions. 



[0012] The proposed synthetic rectifier overcomes these limita- 
tions. 

[0013] This application builds upon the technology of a provi- 
sional patent application entitled "Gate Drive Method and 
Apparatus for the Fast Switching of MOSFETs" serial num- 
ber 60/429,998, filed on 30 November, 2002; a provi- 
sional patent application entitled, entitled "Gate Drive 
Method and Local Clamp for the Fast Turn Off of MOS- 
FETs", serial number 60/319,085 filed on 22 January, 
2002; and a continuation in part patent application enti- 
tled "Gate Drive Method and Apparatus for Reducing 
Losses in the Switching of MOSFETs", serial number 
10/248,438, filed on January 20, 2003. These applica- 
tions are incorporated herein by reference. 
Summary of Invention 

[0014] This invention teaches the "synthetic rectifier," an inte- 
grated circuit comprising a MOSFET and control circuits to 
simulate an ideal rectifier. 

[0015] The synthetic rectifier is designed and characterized 

specifically to replace rectifiers and synchronous rectifiers 
in power converters. 

[0016] The synthetic rectifier is self-contained, and requires no 
external control inputs or stimuli. In this respect, it re- 



sembles a discrete rectifier, although it may require a Vcc 
input in some applications. 

[0017] The synthetic rectifier has the forward voltage drop and 
reverse blocking characteristics of a MOSFET. In this re- 
spect, it resembles a synchronous rectifier, except that it 
doesn't have the timing and control problems. 

[0018] The synthetic rectifier can be used in a number of power 

converter applications, including the secondary circuit of a 

transformer isolated forward or push-pull buck converter 

or a non-isolated buck converter. 
Brief Description of Drawings 

[0019] Figure 1 shows the essential secondary side circuit of a 

forward converter. 
[0020] Figure 2 shows the essential secondary side circuit of a 

push-pull buck converter. 
[0021] Figure 3 shows a non-isolated buck converter. 

[0022] Figure 4 shows the characteristics of an ideal rectifier. 

[0023] Figure 5 shows that the current in a power converter rec- 
tifier will ramp down prior to the time that it must turn 
off. 

[0024] Figure 6 shows that the reverse voltage across a power 

converter rectifier will ramp down prior to the time that it 



must turn on. 

[0025] Figure 7 shows that the current in a first rectifier ramps 
up as the current in a second rectifier ramps down after 
the voltage switches. 

[0026] Figure 8 shows that the current in a MOSFET ramps up as 
the gate voltage increases. As the current in the MOSFET 
ramps up, the current in the rectifier ramps down. 

[0027] Figure 9 is a simplified bloc diagram of a synthetic recti- 
fier. 

[0028] Figure 10 shows that the turn on timing is less critical. A 
premature turn on results in some charge discharged into 
the channel as there is still a voltage from drain to source. 

[0029] Figure 11 shows that the turn on timing is less critical. A 
tardy turn on results in the body diode conducting mo- 
mentarily. 

[0030] Figure 12 shows that that the turn off timing is more criti- 
cal. If the MOSFET turns off too soon, then the body diode 
will conduct, and the final turn off will have the reverse 
recovery characteristics of the body diode. 

[0031] Figure 13 show tht the turn off timing is more critical. If 
the turn off is tardy, reverse conduction will occur, simu- 
lating the reverse recovery of a junction rectifier. 

[0032] Figure 14 shows the transconductance curves for a MOS- 



FET, and also shows that the preferred gate voltage is suf- 
ficient to maintain a low R , but not excessive. 
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[0033] Figures 15, 16 and 17 show a MOSFETwith individually 
controlled groups of cell, and shows progressive switch- 
ing. In figure 15, a few cells are turned off (no "X). In fig- 
ure 16, more cells are turned off, and in figure 17, most 
of the cells are turned off. 

[0034] Figure 18 shows a block diagram of a MOSFET having 
specialized cells for progressive switching. A first large 
group of cells is characterized for low R , a second 
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group of cells has intermediate characteristics, and a third 

group of cells is characterized for very fast switching. 

[0035] Figure 19 shows a MOSFET and linear driver. The channel 

is shown as a resistor to emphasize the resistive nature of 

the drain-source conduction in the linear region. 
Detailed Description 

[0036] The synthetic rectifier can be used in a number of power 
converter applications, including the secondary circuit of a 
transformer isolated forward or push-pull converter or a 
non-isolated buck converter. 

[0037] Figure 1 shows a partial circuit 11 having the essential 

parts on the secondary side of a transformer isolated for- 
ward buck converter having an output voltage Vo. The 



secondary of a transformer 12 is connected to a first rec- 
tifier 13 that in turn is connected to an inductor 15 and 
then to an output capacitor 16. A catch rectifier 14 sus- 
tains the current I when the first rectifier 13 is not con- 
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ducting. 

[0038] Figure 2 shows a partial circuit 21 having the essential 
parts on the secondary side of a transformer isolated 
push-pull buck converter having an output voltage Vo. 
The push-pull secondary winding of a transformer 22 is 
connected to first and second rectifiers 23 and 24 that in 
turn are connected to an inductor 23 and then to an out- 
put capacitor 26 

[0039] Figure 3 shows a partial circuit 31 having the essential 
parts of a non-isolated buck converter having an output 
voltage Vo. A voltage source 32 is connected to a MOSFET 
(metal oxide silicon field effect transistor) 33 that is con- 
trolled by a PWM (pulse width modulation) controller 34. 
The MOSFET 33 is then connected to an inductor 36 that 
in turn is connected to an output capacitor 37. A catch 
rectifier 35 sustains the current I when the MOSFET 33 is 
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turned off. 

[0040] As shown in figure 4, an ideal rectifier 41 has zero voltage 
drop in one direction, and conducts zero current in the 



other. Practical rectifiers have significant voltage drop. In 
modern power converters, MOSFETs are often used as 
synchronous rectifiers. Their ON and OFF states approach 
the ideal rectifier, but their control and timing is problem- 
atical. 

[0041] The synthetic rectifier of this invention comprises inte- 
grated circuit having a MOSFET switch with a drive and 
control circuit that is entirely self-sensing. Possibly a Vcc 
input would be needed (which could powered by a boot- 
strap circuit in some applications), but no other control or 
sensing inputs are necessary. 

[0042] Present art sense, control and gate drive circuits are very 
fast. The characteristics of the power converter environ- 
ment help. Moore's law applies to analog circuits as well, 
so continued improvement will be expected over time. 

[0043] Rectifier turn off and turn on: 

[0044] The ideal rectifier integrated circuit should conduct with a 
low voltage drop when forward biased, and should block 
with a high impedance when reverse biased, with refer- 
ence again to figure 4. 

[0045] when conducting, the rectifier control should sense when 
the forward current through the rectifier becomes zero, 
and turn off. When blocking, the rectifier control should 



sense when the reverse voltage across the rectifier be- 
comes zero, and turn on. 

[0046] Fortunately, as will be shown below, the environment of 
rectifiers in a power converter is very helpful. 

[0047] Figure 5 shows the current through the rectifier prior to 

the time to turn off. The current will ramp down to zero at 
a fairly constant rate (-di/dt). Once the current has begun 
to ramp down, it will not reverse direction or change its 
rate appreciably, making it possible to sense a negative 
di/dt and progressively turn off the device so that it is 
fully turned off just at zero. 

[0048] As the current is ramping down, the MOSFET should begin 
to turn off, so that when the current reaches zero, the 
MOSFET should be turned off completely. It can be turned 
off progressively, first a large slow section, then a faster 
section, and then a final fast section. The final fast section 
may not be a MOSFET at all. It could be a very small 
Schottky that can handle the small current remaining just 
as the current goes to zero. 

[0049] Figure 5 also shows that in a circuit with a reasonably 

predictable -di/dt, a current threshold l t can be sensed to 
initiate turn off. With a constant -di/dt, the time the 
reaching the current threshold I to the ideal turn off time 



is constant. Knowing the time that it takes to turn off a 
MOSFET in a particular application, the threshold current ^ 
can be set such that the current reaches zero just as the 
turn off is achieved. The threshold current is the product 
of the rate of the decrease of current in amperes per sec- 
ond and the time that it takes to turn off the MOSFET in 
seconds. 

[0050] Figure 6 shows the voltage across the rectifier prior to the 
time to turn on. The voltage will ramp down to zero at a 
fairly constant rate (-dv/dt). Once the voltage has begun 
to ramp down, it will not reverse direction or change its 
rate appreciably, making it possible to sense a negative 
dv/dt and turn on at near zero volts. 

[0051] Once the voltage has ramped to zero, the MOSFET should 
start to turn on, otherwise the body diode of the MOSFET 
will be forced on. That is not necessarily bad, but it is not 
preferred. Being inductively fed, the current will ramp up 
from zero, so that it is not necessary to turn on the entire 
MOSFET at once. It can be turned on progressively as the 
current ramps up, first a fast section, then maybe an in- 
termediate section, then maybe a larger, very low Rdson 
section. The first section might not be a MOSFET at all. It 
could a very small Schottky rectifier that can handle the 



low current that first occurs near the crossover and for the 
very short time until the MOSFETs can be turned on. 

[0052] while the above characterizes the current and voltage 

during normal PWM operation, the control circuitry must 
be able to handle an abnormal condition, caused, perhaps 
by a transient condition or a hiccup in the control. Obvi- 
ously, if the current starts to ramp down, but then re- 
verses and ramps up again, the rectifier must remain on. 
If the reverse voltage starts to ramp down, but reverses 
and ramps up again, the rectifier must remain off. The 
above does not take into account the initial state of the 
rectifier upon application of power. If it powers up forward 
biased, it should turn on, or the body diode of the MOS- 
FET will conduct. If it powers up reverse biased, it should 
remain off. (If the logic is powered from a boot-strap 
power supply, however, it may not be possible to turn on 
the MOSFET and operate normally for a cycle or two, until 
the boot-strap capacitor charges. Secondary side syn- 
thetic rectifiers: 

[0053] with reference again to figure 1, consider the case of a 
transformer coupled forward converter 11. A PWM con- 
verter (not shown) in the primary has changed state, and 
the flux has changed direction in the transformer 12, 



causing a change in potential, say from negative to posi- 
tive as shown in figure 7. Prior to changing state, the neg- 
ative secondary voltage had charged the parasitic capaci- 
tance of the first rectifier 13 to a negative potential. 

[0054] First, the parasitic capacitance of the first rectifier 13 will 
be discharged to zero by a current I . This current ramps 
up at a rate (di/dt) determined by the secondary voltage 
and the transformer leakage inductance L . Once the ca- 
pacitance has discharged to zero, the first rectifier 13 will 
turn on, and the current I will continue to ramp up until it 
equals the output inductor current I . 

[0055] while the current I through the first rectifier 13 is ramp- 
ing up, the current \^ through the second rectifier 14 must 
ramp down, as the sum of the currents I and I must 
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equal I I , which is a constant over the time of interest. The 
relationship of the currents I and I and the change in 
voltage in the transformer's 12 windings is shown in fig- 
ure 7. 

[0056] when the current through the second rectifier 14 reaches 
zero, the second rectifier 14 turns off. Note that the di/dt 
is determined by the voltage and the leakage inductance. 
If the load current is higher, the di/dt will be the same, 
but the time span will be longer. This is shown in figure 5. 



[0057] Consider now that the first and second rectifiers 13 and 

14 could be synthetic rectifiers of this invention. When the 
voltage across the first rectifier 13 ramps down to zero, it 
must turn on. When the current through the second recti- 
fier 14 ramps down to zero, it must turn off. Their re- 
spective integrated control circuits must accomplish this 
as nearly ideally as is feasible. 

[0058] At the end of the cycle the voltage reverses again. The 

current in the first rectifier 13 will ramp down to zero and 
it turns off. The voltage in the second rectifier 14 will 
ramp down to zero and it turns on. Though not shown, 
again the current will be a ramp di/dt, determined by the 
voltage and the leakage inductance. The voltage will also 
be a ramp dv/dt, determined by the current and the junc- 
tion capacitance. 

[0059] Non-isolated buck converter: 

[0060] |_ e t U s now consider once again the dc-dc non-isolated 

buck converter 3 1 of figure 3. A dc voltage source 32 pro- 
vides power to a MOSFET 33 which is controlled by a PWM 
controller 34. During the OFF time, a rectifier 35 conducts 
a current I to an inductor 36 having a current I . An out- 
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put capacitor smoothes the output voltage. 
[0061] The current I through the MOSFET 33 is a function of the 



gate voltage Vg. Note that the PWM controller 34 operates 
autonomously, without regard to the state of the rectifier 
35. It turns ON and OFF as necessary for its voltage con- 
trol function. 

[0062] Consider now that the rectifier 35 is a synthetic rectifier of 
this invention. As long as the synthetic rectifier is able to 
simulate an ideal rectifier, circuit operation will be correct. 
(That does not mean that the PWM controller and the syn- 
thetic rectifier might not be a matched set, to optimize 
overall performance, and they might very well be in one 
integrated circuit, perhaps pin compatible with other con- 
trollers. )Synthetic rectifier turn-off in a buck regulator: 

[0063] Consider the case of the MOSFET 33 turning ON. When the 
MOSFET 33 is fully ON, the synthetic rectifier 35 must turn 
OFF. 

[0064] The MOSFET 33 is turned ON by applying a voltage V g to 
the gate, and since the gate has significant capacitance 
and resistance, the gate voltage V g will rise at a rate de- 
termined by the voltage, the gate capacitance and the re- 
sistance, as a classical RC time constant (neglecting non- 
linearity) as shown in figure 8. 

[0065] Because the MOSFET 33 is a transconductance device, the 

current I will increase at a rate determined by the in- 
i 7 



crease in the gate voltage V , that is, it will ramp up from 
the time the voltage crosses the cut-off threshold until 
the MOSFET 33 is fully on. The current I thus has the 
same general behavior as a current through an inductor 
with a step change in voltage. 
[0066] Because the current I I through the output inductor 36 is 
constant during the time period of interest, as the current 
I through the MOSFET is ramping up, the current \^ 
through the synthetic rectifier is ramping down corre- 
spondingly. When the current \^ in the synthetic rectifier 
reaches zero, the synthetic rectifier should turn OFF com- 
pletely. This relationship between the currents I and I 

and the gate voltage V is shown in figure 8. 
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[0067] Figure 9 shows diagrammatically how a synthetic rectifier 
91 of this invention is made. A MOSFET 92 is controlled by 
a control circuit 93. The control circuit 93 has a current 
sense means 94 and a voltage sense means 95. The volt- 
age control circuit 93 may derive its operating power from 
the sensed voltage 95 in a boot strap circuit. In some ap- 
plications, it may be desired to use a Vcc input 96 instead, 
either to optimize the circuit or perhaps because it is used 
in a low voltage circuit where the sensed voltage is too 
low to operate the logic and drive the gate of the MOSFET 



92. The body diode 97 of the MOSFET 92 is shown for ref- 
erence. 

[0068] For turn off, given the ability to sense current and the 

ramp rate of the current, di/dt, it is possible to calculate 
the time until the current reaches zero and turn off should 
be accomplished. Also, for turn on, given the ability to 
sense voltage and the ramp rate of the voltage dv/dt, it is 
possible to calculate the time until the voltage reaches 
zero and turn on should be initiated. A controller can 
make such calculations and initiate a change of state ac- 
cordingly. However, in a power converter, the times in- 
volved may be very fast, and it may not be practical to 
make a controller that operates using such calculation for 
some circuits. Examples where it would be possible and 
practical would include the current through the catch 
diode in a discontinuous buck converter or a discontinu- 
ous boost converter. Also, in converters with low voltages 
and large leakage inductances, or low currents and large 
stray capacitances, the ramp rates would be relatively 
slow. 

[0069] That a calculation and control cannot be done ideally does 
not, however, render the approach impractical given the 
state of prior art controllers. A number of refinements are 



taught that make the synthetic rectifier practical for many 
applications. 
[0070] Turn-on timing is less critical: 

[° 071 ] Similar analyses of the various rectifiers in power con- 
verter output circuits shows that the current always ramps 
down at a fairly constant rate, allowing an orderly prepa- 
ration for turn-off. The voltage always ramps down at a 
fairly constant rate, allowing an orderly preparation for 
turn-on. From cycle to cycle, the ramp rates may vary as 
the operating point changes, but in a given cycle the op- 
erating point will not change fast enough to change the 
ramp rates. 

[0072] There is latitude in the timing for turn-on, because the 
consequences of missing the ideal time are not serious. 
As long as the voltage is ramping down and the ramp is 
well established, a premature turn on as shown in figure 
10 will result in the discharge of some charge into the 
MOSFET channel, but it will have no effect on the overall 
circuit performance. Likewise, a tardy turn on as shown in 
figure 11 will result in the body diode of the MOSFET con- 
ducting for a brief period, but it will have no effect on the 
overall circuit performance. The currents are determined 
by the external components and conditions, and the state 



of the rectifier will not change the current appreciably. 
[0073] Turn-off timing is more critical: 

[0074] |f t he MOSFET in the synthetic rectifier is turned off too 
soon, current will flow none-the-less, through the body 
diode of the MOSFET. When the current reverses, the re- 
verse recovery characteristics of the body diode will de- 
termine the behavior of the synthetic rectifier, as shown in 
figure 12. 

[0075] |f the MOSFET in the synthetic rectifier is turned on too 
late, the current will continue to ramp down to a signifi- 
cant negative value. Turn-off under those conditions will 
interrupt a flowing current, perhaps causing an inductive 
kick. Regardless, permitting a negative current will give 
the device an apparent reverse recovery, as shown in fig- 
ure 13. 

[0076] There is some latitude, however. Remember that the MOS- 
FET has significant capacitance, and near the ideal time 
for turn-off, the current is approaching and crossing zero. 
The MOSFET can be turned off early without much conse- 
quence if the current tail is less than that needed to 
charge the capacitance to the forward conduction poten- 
tial of the body diode. The MOSFET can be turned off late 
if the remaining current conducted through the channel is 



small compared to the capacitance charging current in the 
reverse direction. 
[0077] Ensuring accurate turn-off timing: 

[0078] As compared to prior art control methods for synchronous 
rectifiers, the synthetic rectifier triggers on events that 
can be detected within the synthetic rectifier to precisely 
determine the correct time to change state. Further, well 
in advance of the threshold event, the voltage or current is 
falling at a fairly steady rate, allowing anticipation. This 
contrasts with other control methods which trigger on 
events that have a variable time relationship with the opti- 
mum switching times. Even so, very fast sensing and 
switching is necessary for optimum performance, espe- 
cially turn-off. 

[0079] Fortunately, there are a number of techniques that can be 
used to ensure accurate turn-off timing, as explained in 
the following pages. 

[0080] 1. Threshold hugging. 

[0081] 2. Progressive turn-off. 

[0082] 3 Specialized cells and/or drivers. 

[0083] 4. Voltage controlled turn-off. 



[0084] 5. Optimizing the controller switching rates. 
[0085] e. Use other stimuli. 
[0086] Threshold hugging: 

[0087] During the ON time, the gate voltage should be controlled 
to be just sufficient to hold the R low, as shown in figure 
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14. 

[0088] it may be desirable to overdrive the gate somewhat at 

turn-on, but during the on time, the gate voltage should 
be regulated as a function of current. Normally, the cur- 
rent will ramp up, and the gate voltage should follow, just 
enough to maintain low R . 
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[0089] | n this way, the delay of removing excess charge from the 
gate will be avoided and the switching time will be faster. 
[0090] Progressive turn-off: 

[0091] a MOSFET comprises a very large number of cells, each 

with its own gate. In theory, each cell could be individually 
controlled. More practically the cells of the MOSFET can be 
divided into groups, and the groups can be individually 
controlled with each group having an individual gate con- 
nection and with individual control circuit outputs con- 
nected respectively to the individual gate connections. 

[0092] As the current is ramping down, groups of cells can begin 



to be turned off well before the time that the MOSFET as a 
whole must be OFF. The remaining cells will carry the re- 
duced current. Figures 15, 16 and 17 show a MOSFET die 
151 having a large number of cells 152-152 that can be 
controlled in groups. The cells 152-152 that are conduct- 
ing show an "X", representing current flow, or an empty 
circle, indicating that the cell is off. In figure 15, a few of 
the cells are off. In figure 16, more of them are off, and in 
figure 17, almost all of them are off. 

[0093] it j S a | so possible that some groups of cells would remain 
off all the time if the current were low. Because the di/dt 
is fairly constant, the necessary reaction time to turn off a 
low current is shorter than for a high current. Having 
fewer groups of cells to turn off could be helpful. 

[0094] As an example, once the current fell to half, three fourths 
of the cells could be turned off. The remaining one fourth 
could sustain half of the current for the time remaining in 
the turn off cycle. Once the current fell to one quarter, all 
but one sixteenth of the cells could be turned off, and so 
forth. 

[0095] Progressive turn-on: 

[0096] Once the voltage ramps to zero, and the rectifier turns on, 
the current will ramp up at a rate determined by the cir- 



cuit voltages and inductances. It is preferred to turn on at 
least a first group of cells very quickly, so that the body 
diode is not forced into conduction, but the current is low 
at first, so it can be a small, very fast part of the MOSFET, 
and the other groups of cells can turn on progressively as 
the current increases. 
[0097] Light loads: 

[0098] a corollary benefit of configuring the MOSFET switch for 
progressive turn-off is that it can be used for steady state 
as well, turning on only as many cells as is necessary. 
Thus, for light loads, the gate drive energy will be re- 
duced, for greater efficiency and lower idle state current 
draw. 

[0099] schottky rectifier 

[0100] The last part turned off and the first part turned on need 
not be part of the MOSFET at all, but can be a very small 
Schottky rectifier, just enough to handle the small current 
near transition and only for a very brief moment. 

[0101] Progressive thresholds: 

[0102] Another method of turning off progressively is to have 
"progressive thresholds", wherein various cells would be 
doped to have different threshold voltages. Growing a 



thicker dielectric layer would also increase the threshold 
voltage and is equivalent in circuit operation. 

[0103] a first group, having a larger percentage of the cell popu- 
lation, might be doped to switch at a relatively high volt- 
age, a smaller group at an intermediate voltage and a yet 
smaller group at a lower voltage. Alternatively, the spread 
could be a fairly continuous distribution from higher volt- 
age to lower voltage. 

[0104] Regardless of the details, a common driver could begin 

reducing the gate of the whole group of cells in relation to 
the current as it dropped. As the gate voltage dropped, 
first some, then more and more cells would pinch off until 
only a few were conducting just before the current 
ramped to zero. 

[0105] These last may be in a different class, using maybe volt- 
age controlled turn off, or it may be a small Schottky rec- 
tifier. 

[0106] | n turn on, the gate voltage would rise, turning on a few, 
then more as the load current ramps up. For light loads, 
the gate might be increased to an intermediate level, 
commensurate with the light load (a form of threshold 
hugging as well, poised for fast turn off). 

[0107] Specialized cells and/or drivers: 



[0108] a MOSFET comprises a very large number of cells. Usually, 
they are all pretty much the same, but that is not neces- 
sary. Certain cells, or groups of cells, and/or their drivers, 
could be specialized. 

[0109] The cells of the MOSFET can be divided into groups, and 
the various groups can have individual drive circuits, con- 
trolled separately, as shown in figure 18. A synthetic 
diode 181 comprises a MOSFET die 182 which has three 
regions, a large region 183, a mediums sized region 184 
and a small region, 185. Each region is has its own gate 
drive driven by gate drives 186, 187 and 188 respectively. 
As the current through the MOSFET decreases, first the 
larger region 183 would be turned off, then the medium 
region 184 and finally the small region 185. 
Some cells, or groups of cells, could, together with their 
drivers, be optimized for speed. Other cells, or groups of 
cells, could, together with their drivers, be optimized for 
low forward voltage drop. Some could be optimized for 
analog controlled operation. A MOSFET die optimized for 
low conduction loss could be operated in parallel with a 
smaller MOSFET die optimized for speed. Whatever the 
optimum mix, as the current is ramping toward zero, all 
but a portion of the cells which are specialized for fast 



turn-off could be shut down ahead of time as long as at 
each instant there were a sufficient number of cells con- 
ducting with a low enough collective R ds so that the body 
diode was not forward biased. 
Current Sensing: 

[° 112 ] It is known to divide out a few cells from a MOSFET as 

current sensing cells for current sensing, and such devices 
are readily available. This provides one method for mea- 
suring current. Another way to measure current is by 
sensing the voltage across a current shunt. While it would 
not be desirable to purposefully introduce a current shunt 
to measure current, it is possible that there would be a 
current path within the device or its circuitry that could be 
used to measure voltage drop to measure current. 

[0113] For a MOSFET that is turned on and saturated, a way of 
estimating the current is by measuring the saturation 
voltage, knowing the R DSon for the conditions. 

[0114] Once the gate voltage is dropping, this is no longer as 

simple. However gate voltage relates well to the current if 
the MOSFET is in its linear region. This may be the case at 
the end of the turn off sequence. 

[° 115 ] In a practical device, both may have to be monitored to 
know the current well enough for control. With a device 



having a progressive threshold, again knowing the gate 
voltage reveals the current if the MOSFET is in its linear 
region, and it reveals its current capacity if it is saturated. 

[° 116 ] It is an objective to have the device be out of saturation 
and turned off just at zero crossing, so it preferably goes 
into a linear mode at a low current. 

[° 117 ] In practice, the gate voltage could be monitored to know 
the current capacity, and the drain to source voltage could 
be monitored first to detect the start of a down ramp ini- 
tially, second to ensure that MOSFET doesn't come out of 
saturation too much too early and third, to control the 
"end game", whether it be to let it go into a voltage con- 
trolled mode, or turn off somewhat early in favor of a 
Schottky end group, or just to anticipate and turn off (not 
voltage regulated) at as close to the right moment as pos- 
sible. 

[0118] The "voltage controlled" end game could reasonably kick 
in while the device was at a fairly high current, provided 
that it was established that a down ramp was under way. It 
would also be possible (and perhaps optimum, for fast 
circuits) to keep it in the linear mode entirely. In this sce- 
nario, the "controlled voltage" might be below the satura- 
tion for high currents, but as the current ramped down, 



control would start as soon as the device came out of sat- 
uration. 

[0119] jo monitor current in a device with a stepped progressive 
turn off of different groups, as each group is turned off, 
the current measuring algorithm would have to be modi- 
fied accordingly, as a lower current would produce a 
higher drain voltage with some cells turned off already. 

[0120] Regardless of the method used, as current sensing means 
is needed to monitor the current and either its rate of 
change or its crossing various thresholds. 

[0121] voltage controlled turn-off: 

[0122] Figure 19 shows a synthetic rectifier 191 comprising a 
MOSFET 192 and a controller 193. The MOSFET 192 is 
shown for the purposes of this discussion as a resistor, as 
the channel impedance is controlled by the gate voltage. 
The controller 193 comprises an amplifier section with a 
reference voltage Vth. A voltage feedback from the drain 
of the MOSFET 192 controls the gate voltage so as to try 
to maintain a constant drain to source voltage. 

[0123] This is a control algorithm that would be very effective for 
ensuring correct turn-off timing, either applied to the 
MOSFET as a whole or to groups of specialized cells and 
drivers which remain conducting as the current ramp ap- 



proaches zero. 

[0124] Assume that a negative current ramp has been detected, 
indicating incipient turn-off. As the current decreases, the 
voltage drop across R qs would decrease as well. A voltage 
feedback control circuit could modulate the gate voltage 
so that the voltage was controlled at some voltage greater 
than the saturation voltage for small currents. 

[0125] As the current decreased further, the gate voltage would 
have to decrease, increasing the channel resistance to 
maintain the voltage. As the current goes to zero, the re- 
sistance would have to go to infinity, turning off the MOS- 
FET. 

[0126] it may be desirable to detect di/dt and modify the thresh- 
old voltage as a function of di/dt, as a lead to counter 
lags through the control function and the gate drive. 

[0127] Voltage controlled progressive turn-off: 

[0128] with voltage controlled progressive turn-off, the terminal 
voltage of the synthetic rectifier is monitored to sense 
current across the R . At a threshold that was below 

DSon 

the saturated voltage at full load, the turn off sequence 
would be begun. As the current ramped down, the voltage 
across the device, V , would begin to fall. Once it 

' DS 3 

reached the threshold, a first section of the MOSFET would 



be turned off and latched. The voltage across the device 
would rise because the smaller number of cells conduct- 
ing would have a higher R , which is why the latch is 

DSon 

needed. As the current fell further, once again the thresh- 
old would be reached, and another section of the MOSFET 
could be turned off and latched, successively until the 
whole MOSFET were off. 
[0129] it may be desirable to have a higher threshold which 

would sense if the current down ramp reversed, to reverse 
the sequence if necessary for abnormal conditions or con- 
trol hiccups. 

[0130] Current controlled progressive turn-off using a current 
sensing MOSFETAs described earlier, it is well known to 
use a small group of cells in a MOSFET for current sens- 
ing. Given a common gate connection, if the sources of 
the special current sensing cells are held equal in voltage 
to the source voltage of the rest of the cells, the current 
through the special current sensing cells will be propor- 
tional to the current through the rest of the cells. 

[0131] This relationship holds as well for a MOSFET which is 

turned off progressively, except that the current will ap- 
pear increase as the several sections are turned off. This 
is because as sections of the MOSFET are turned off, the 



rest of the MOSFET will have a higher current per cell just 
afterwards, then it will continue to ramp down. 

[0132] Accordingly, as the current ramps down in the MOSFET, 
the current in the sense cells will ramp down proportion- 
ately. Once a first threshold is reached, a first section of 
the MOSFET can be turned off and latched off. At this in- 
stant, the current in the sense cells will step up, then 
ramp down again. When it reaches the threshold again, 
another section of the MOSFET can be turned off and 
latched off, and so on until the MOSFET is entirely turned 
off as the current reaches zero. 

[0133] Optimizing the controller switching rates: 

[0134] ideally, the synthetic rectifier should be able to sense and 
control properly for any circuit which has the general 
characteristics described here. In practice, circuit perfor- 
mance may be better if the synthetic rectifier and the PWM 
controller are matched and optimized as a set. 

[0135] The task of sensing and timing the synthetic rectifier will 
be easier if the ramp times are slower. For some circuits, 
slow controller switching would increase switching losses, 
so that should only be done if more can be gained in the 
way of rectifier efficiency than is lost in the controller. 

[0136] An exception is controllers that use resonant transitions 



for zero volt switching. 
[0137] Another exception is the super fast switching method of 
the Provisional Patent Application entitled "Gate Drive 
Method and Apparatus for the Fast Switching of MOS- 
FETs." As taught therein, the Miller current is more effec- 
tively overcome with a parallel capacitor from the drain to 
the source of the switching MOSFET. This capacitor slows 
the rise time (dv/dt) on the drain, and thus slows the 
switching time. 

[0138] An interesting characteristic is that the time will be slower 
for light loads and much faster for heavy loads. Exactly 
the opposite effect is occurring in the secondary circuit, 
where the ramp rate of the current is fairly constant, 
causing the total transition time to be fast for light cur- 
rents and slow for larger currents. With careful design, 
these delay times can be matched to some degree, to pro- 
vide a more closely matched transition time for all load 
conditions. 

[0139] using other stimuli: 

[0140] while the synthetic rectifier as outlined here does not 

need other stimuli, it would be foolish not to use them if it 
provides a better overall design. 

[0141] As a hypothetical example, the best design for a particular 



application may require using a large, very low R ds MOS- 
FET and over-driving its gate. The turn-off time may be 
too slow to use only the techniques described for the syn- 
thetic rectifier. 

[0142] This large, slow MOSFET could be the first to turn off in a 
progressive turn-off sequence, and it may be necessary to 
start the turn-off earlier than the beginning of the current 
ramp down. A signal from the PWM controller could be 
very useful to start the sequence. Then, later stages of a 
progressive turn-off could use the techniques described 
for the synthetic rectifier to complete the turn-off se- 
quence with precise timing. 

[0143] Another possible input stimulus would be a "search wind- 
ing" on the transformer, perhaps a single turn winding 
with no appreciable load. Such a winding will reveal the 
rate of change of the flux in the transformer core without 
the delay seen on the power windings attributable to 
changing currents in the leakage inductance of the power 
windings. Thus, a change of voltage would be apparent 
sooner than it would be if one looked only at the termi- 
nals of the power windings. 

[0144] The circuits shown and described in this specification are 
simplified circuits to more clearly show the components at 



the heart of the invention. Practical power converter cir- 
cuits will require additional components such as, as an il- 
lustration, not a limitation, snubbers, clamps, filters, bias 
resistors, control integrated circuits, house keeping volt- 
age supplies, and so forth. The design of power converter 
circuits and the design and use of these additional com- 
ponents would be well known by one skilled in the art of 
power converter design. 



